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The aluminum specimens were cut with a center crack in the LT direction, using a water-jet machine. The specimens had dimensions of: length 2L=350 mm, width W=88 mm, thickness B=3.18 mm. The crack size after the water jet cut was 2a o =23 mm. The notch of the crack was sharpened on either side of the center-crack. Following the jewelers saw cut, the dimension of the crack was close to 2a o = 25 mm. All the specimens were fatigued at the rate of 8 Hz using a fatigue load of 0.5-15.5 kN. Specimens with two different fatigue crack lengths were tested. The fatigue crack obtained for the first specimen was of length 0.6 mm and for the second specimen, a fatigue length of 5.5 mm.
The fatigue-cracked specimens were loaded under position control at the rate of 0.001 mm/sec.
As the crack began to grow, the loading was held constant at a certain length of crack extension and the digital image captured. The captured digital images were used to obtain the CTOA with crack extension for the specimens tested, using MATLAB. The stable crack extension for both the specimens was found to be less than 4 mm. Figure 1 shows images captured at very small crack extensions. The specimens failed after a small stable crack extension. Figure 2 shows a picture of the fractured center cracked aluminum specimen tested in Mode I loading. Figure 3 shows the fractured surface. 
Room Temperature-Edge Crack
The tests with center crack specimens gave very few data points for the CTOA resistance curve for aluminum (Al-2014-T6) since the length of stable crack propagation was about 4 mm. To obtain more data and also to check the effect of crack geometry and dimensions on the CTOA resistance curve, edge crack specimens with two different widths were used. The specimens were cut to produce an edge crack using a water-jet machine. Following the water jet cut, the notch was sharpened with a jewelers saw and fatigue loading was applied to produce a sharp crack. The specimens had the dimensions shown in Table 1 . All the specimens were fatigued at the rate of 8 Hz using the fatigue load range shown in Table 1 . The fatigue-cracked specimens were loaded under stroke control at the rate of 0.001 mm/sec. As the crack began to grow, the loading was held constant at a certain length of crack extension and the digital image captured. The captured digital images were used to obtain the CTOA with crack extension for the specimens tested, using MATLAB. The stable crack extension, for the edge crack specimen with the large width, was close to 12.7 mm. For the edge crack specimen with a smaller width (75 mm), there was a similar length of stable crack extension of about 15 mm. For this reason, three edge crack specimens with the smaller width were tested to obtain more CTOA data. The data obtained from the CTOA measurement, using the acquired digital images from the fracture tests are shown in Figure 4 , which also includes the data from center cracked specimens. Figure 5 shows images captured at different crack extension lengths using the edge crack specimen. Figure 6 shows the larger width edge crack specimen (EC1) and Figure 7 shows the edge crack specimen with the smaller width. Specimens of type EC1 are too wide to be placed directly into the hydraulic grips of the load-frame. Hence these specimens were bolted to a fixture which was gripped by the hydraulic grips. 
SIMULATION OF BURST OF THIN-WALLED CYLINDERS

CTOA Curve
Room Temperature CTOZ Curve
The CTOA data presented in Figure 9 for Al-2014-T6 at room temperature are used for the polynomial fit. The result is given as: Figure 9 shows the CTOA curve and the data points. 
Curve for 100 ºC
The CTOA curve for 100 ºC is described by the following:
The polynomial fit is shown in Figure 10 . The polynomial fit is shown in Figure 10 along with the results for the 100 o C case.
MATERIAL PROPERTIES FOR AL-2014-T6
The stress-strain curve was obtained from tests conducted on dog-bone shaped specimens. Strain gauges were used to measure strains in the range from 0 to 5%. The large strains occurring during the test were determined using the laser extensometer. The laser measured strains were obtained from 0 to 16%. However, the measurements from a strain gauge are more accurate than the laser measurements for small strains. Figure 11 shows the stress-strain data for strain up to 5%. The Young's modulus for the material is found to be around 70 GPa. The material has a yield stress of about 425 MPa. Figure 12 shows the complete stress-strain curve obtained. Eight points along the stress-strain curve in the range from 425 MPa to 517 MPa corresponding to the plastic strains ranging from 0% to 12.5% were used for the elastic-plastic modeling in ABAQUS. 
TEMPERATURE-DEPENDENT MECHANICAL PROPERTIES
Besides the CTOA curves, the mechanical properties of Al-2014-T6 in the temperature range of interest, were also needed. From Figure 13 , which shows the Young's modulus of Al-2014-T6 as a function of temperature, it is noted that Young's modulus drops more quickly as temperature increases. Hence, the adopted approximation, which was taken from the Military Handbook of Figure 14 is a reproduction showing this relationship as specified by Mil-Handbook-5 and it is specifically for Al-2014-T6. This was used to obtain the yield stresses for the high temperature stress strain curves and also the plastic portion of the curve as shown in Figure 15 . This estimation of yield stress was then compared with the test results at high temperature from our lab, to validate the estimation. The graphical estimate for room temperature stress-strain and for stress-strain at 300 ºC was lower than the measured values for the same cases. Thus, the measured data was used for the yield stress at that temperature in all of the finite element analyses. These stress-strain plots were then transferred as temperature dependant material data into the ABAQUS input file. The data for the coefficient of thermal expansion were treated in a similar manner as they were reproduced from the Mil-Handbook-5 as well. Figure 16 represents the coefficients of thermal expansion specific to 20, 100, 200, 300, and 400 °C and the data was used for the ABAQUS input file's material property definition. The exact values used in the finite element analysis are listed in Table 2 . 
SIMULATION OF BURST OF ALUMINUM CYLINDERS AT ROOM TEMPERATURE
The dimensions of the closed cylinder are listed in Table 3 . Using the double symmetry and the loading condition of the model, one fourth of the full model was used in the simulation. The critical CTOA criterion, which implicitly accounts for material non-linearity, is used as the appropriate parameter for modeling the crack growth of the cylinder. This section discusses the use of this parameter for the case of the cylinder shell subjected to internal pressure. As discussed in the previous section, the CTOA criterion is applied to Mode I fracture to determine the critical (or burst) pressure of the closed cylinder with internal pressure as the loading condition. The ABAQUS software is used to perform the finite element analysis (FEA) at every load step. Using the nodal displacements at every load step, the opening angle is computed and compared with the critical CTOA using a C++ program. After checking the opening angle, the C++ program computes the load, the location of the crack tip, the changed boundary conditions and writes the input file. This file is used to run the next load increment step with the ABAQUS FEA software. The above set of steps has to be repeated for every load increment made. A UNIX program is used for performing the ABAQUS FEA, extraction of nodal displacement data after the FEA, and running the C++ program in sequence for every load increment. If the opening angle is found to be more than the critical CTOA the pressure load is incrementally decreased until the opening angle matches the critical CTOA.
The material was modeled as elastic-plastic and the internal pressure was increased in small increments. The polynomial fit developed for the Al-2014-T6 material was used as the crack growth criterion. The internal pressure was increased for crack growth initially. After the critical (or burst) pressure is reached, further crack extension at a steady state would be possible by reducing the internal pressure by small amounts after every increment of crack growth. Figure   18 shows the pressure P INIT for crack growth to initiate, the maximum pressure P MAX (or burst pressure) for the cylinder and the corresponding crack extension. Table 4 and summarize, respectively, the burst pressure predictions using the small and large deformation theories for the cylinders with the four different initial crack lengths. The burst pressure was also predicted using the large deformation theory for the cylinder with crack length 2a = 10 cm and 2a = 14 cm and the burst pressures were found to be smaller than the values predicted using small deformation. However the predictions obtained using the small deformation and large deformation theory were found to be close and within 3%. 
A SENSITIVITY STUDY
In view of the scatter in CTOA data, it is desirable to evaluate the effect of the variation in the CTOA curve on the prediction of burst pressures. With this in mind, the aluminum CTOA curve was modified by lowering the initial section of the fit by ignoring a few of the initial nonlinear points. Figure 19 shows the modified curve and the original curve. Using the original and modified CTOA curves the simulation was performed and the results are shown in Figure 20 .
For comparison, the result obtained based on the constant CTOA of 5.74° is also included in the figure. It is evident that the modified CTOA curve gives results between that of the original CTOA curve and the constant CTOA assumption. There is a substantial deviation produced by the constant CTOA criterion. 
SIMULATION OF BURST OF ALUMINUM CYLINDERS AT HIGH TEMPERATURE
The algorithm for determining the burst pressure of the cylinders with high temperatures is the same as that outlined for the predictions of the cylinders at room temperature. The major exception is that now the temperature of the body at each crack tip location must be used to specify which CTOA curve is needed to drive the crack propagation. This temperature tracking was done easily due to the temperature fields being clearly predefined with exact dimensions while preparing the FEA models.
The high temperature was set at 400 o C and then transitioned in 1 cm/100 o C fields down to room temperature (20 o C). The correct CTOA curve was then selected based on the crack extension measurement (?a) as the crack propagated through the desired temperature fields. The remainder of the algorithm was discussed previously for the room temperature case.
The steps taken to apply the temperature in ABAQUS are as follows. A small pressure is applied initially to open the crack a small distance and then the temperature is increased to allow thermal strains to develop within the model. The first crack tip opening angle is then checked and the load is increased as needed to reach the critical opening angle. Finally, a small initial pressure was applied to prevent the crack faces from overlapping with the imaginary other half of the crack face. A comparison was done to determine if there was a difference in the burst pressure.
This was accomplished by applying either an increase in the temperature or a small pressure.
The crack dimensions were the same as those used for the room temperature Aluminum cylinder. A study was done for the initial condition of 2a = 4 cm to show how the burst pressure varied.
This case was chosen due to its higher sensitivity to changes in the initial conditions. The premise of this study was to observe how the selection of the initial crack tip position, with respect to the high temperature fields, would vary the final outcome in terms of the burst pressure.
The study began by applying a high temperature field at the center of the crack in a circular region to resemble the heated zone of a localized heating source. The crack was then assumed to have come into existence at some initial length, 4 cm for the study, with the crack tip resting at the boundary of some high temperature region. The boundaries between reducing temperature transition fields were required to be 1 cm per 100 °C drop in temperature, from highest to lowest temperature.
The different cases considered in terms of the five temperature regions are shown in Figure 23 . The overall outcome is that high temperature affects an increase in burst pressure for those cases where the crack tip is assumed to lie at 100 °C or less, as can be seen in Figure 24 , and that it decreases it for those where the crack tip is located at 200 °C. Some explanations for this trend are in the material properties of Al-2014-T6 at elevated temperature. One is that the strength of Al-2014-T6 at 100 °C is 98% that of the room temperature material while the Crack Tip Opening
Angle increases due to the rise in temperature (Figure 8 ). While holding temperature constant and increasing CTOA, an increase in required pressure to burst the cylinder is seen. The decrease in tensile properties is not great enough to make it reach the critical opening angle required by the increased CTOA curve. The second reason for the burst pressure increases is that the thermal expansion of the material acts to close the crack, increasing the pressure required to reach the critical CTOA. Therefore, the burst pressure must rise for these cases where the initial crack tip is assumed to lie at or below 100 °C. This rise in burst pressure can be seen in all the cases where the crack tip's temperature is at or less than 100 °C. This temperature increase, not being greater than 5% for any of the seven cases, indicates that this doesn't greatly affect the final burst pressure, as shown in Table 7 . However, in the case of the tip assumed to be at the 200 °C point, the CTOA is increased, but the tensile material properties are now 90% of room temperature. This decrease allows the material to be compliant enough to reach the critical angle at a lesser pressure than the cases with a smaller temperature loading. This is translated throughout the entire stable crack growth and results in a decreased burst pressure for those cases with crack tips at 200 °C. The change here is a more significant 12% drop in burst pressure for a crack developing through Case 5, for example. This can be thought of as effectively increasing the initial crack length by some ?a, which is a function of the temperature loading. Laboratory testing should be done to confirm this analysis and the simulation method employed to evaluate burst pressure prediction. 
CONCLUSIONS
For the four aluminum (Al-2014-T6) cylinders with a thickness of 3.175 mm, the predicted burst pressures under room temperature conditions obtained using the small deflection and large deformation theory were found to be close and within 3%. The sensitivity study showed that the effect of variation in the CTOA curve as a crack growth criterion on the burst pressure prediction was small. However the crack extension paths were different with different CTOA curves employed in the finite element nodal release simulation.
For the simulation of burst pressure of axially cracked pressurized aluminum cylinders at elevated temperature, the crack extension versus pressure plot indicated that the heated zone increased the burst pressure of the cylinders by almost ten percent. Laboratory testing should be conducted to investigate and confirm these analyses and simulation is good for burst pressure prediction of axially cracked cylinders subjected thermal and mechanical load. 
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